Lattice distortions perpendicular to the surface in thin surface layers of ion-implanted (111) silicon crystals have been mapped as a function of depth and lateral position with resolutions of 0.05 and 0.65gm, respectively. X-ray triple-crystal diffractometry data were collected near the fundamental 111 and satellite reflections from samples with periodic superstructure modulations in the lateral direction. 300 keV B + ions implanted through surface mask windows are found to produce lattice distortions in a very thin layer of 0.15 gm thickness at 1.05 gm depth below the surface, with interplanar lattice spacings normal to the surface increased by several parts in 104 . The distortions are appreciably extended in the lateral direction, suggesting diffusion of the ions. A 0.5 gm-thick thermaloxide strip is found to contract the interplanar spacing of substrate silicon crystal under the strip region by a few parts in 104, while the strain field created by the parallel oxide edges extends beyond a depth of 3 Bm. A practical procedure is also described for arriving at a solution of the phase problem in the case of a strain field involving heavily distorted layers.
Introduction
Quite a few studies have been reported on the determination of lattice distortions in single crystals from rocking-curve profiles observed in Bragg-case diffraction of X-rays (Burgeat & Taupin, 1968; Burgeat & Colella, 1969; Fukuhara & Takano, 1977; Afanas'ev & Fanchenko, 1986; Servidori, 1987) . In many studies, the distortions were modeled by analytical functions that were fitted to the rockingcurve data. The distortions were sometimes assumed * Present address: School of Physics, University of Melbourne, Parkville, Victoria 3052, Australia.
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© 1994 International Union of Crystallography Printed in Great Britain -all rights reserved to be uniform along the surface and to vary in the direction of depth into the crystal. For slowly varying distortions, Petrashen & Chukhovskii (1989) showed that the phase information on the diffracted X-ray wave can be obtained from rocking-curve data, thereby allowing a model-independent determination of lattice distortion in a thin surface layer of an otherwise perfect crystal. If the distortions include a periodic superstructure modulation in the lateral direction, satellite reflections are generated. An algorithm has been developed by to calculate depth profiles of the distortion from diffractometry data associated with such satellite reflections and to Fourier synthesize the one-dimensional information into a two-dimensional map. The two-dimensional map displays distortions as a function of depth and lateral position. The method was demonstrated by mapping the strain distribution created in a silicon crystal by implantation of high-energy ions through a periodic mask pattern. The experiment, carried out at a conventional X-ray source, provided data having a lateral resolution of 2.5 gm and an effective depth resolution of 0.05 gm in the resulting map. We describe here an application of the abovementioned two-dimensional strain-analysis method to diffractometry data collected at a synchrotron source, which produced maps of submicrometer spatial resolution in both the lateral and depth directions. The present paper also discusses a practical procedure for solving the phase problem for a strain field involving heavily distorted layers.
Theory
Bragg reflections from a crystal with a flat surface are accompanied by so-called crystal truncation rods (CTRs), weak rod-like diffuse scatterings extending perpendicular to the surface. The CTR originates from an abrupt truncation of the periodic electron-density distribution in the crystal by the presence of a surface (Andrew & Cowley, 1985; Robinson, 1986) . The CTR intensity from a perfect crystal with a flat surface decays in proportion to qz 2, where qz is the z component of the deviation of the scattering vector from the reciprocal-lattice vector, h. We take the z axis perpendicular to the surface and the x axis parallel to the surface in the plane of diffraction. The q7 2 decay is equivalent to the AO -2 decay on the tails of a dynamical reflectivity curve (Robinson, Tung & Feidenhans'l, 1988) . A useful feature of the CTR is its high sensitivity to the crystalline perfection in the near-surface layer, as well as to the microscopic morphology of the surface. The Petrashan-Chukhovskii theory is to calculate the depth profile of the strain field in a thin surface layer having a thickness less than or of the order of the extinction distance, from the measured qz dependence of the CTR intensity in the vicinity of a Bragg reflection where surface roughness minimally affects the diffraction intensity.
If the surface layer of a crystal involves a superstructure modulation of period a in the x direction, the Bragg reflection is accompanied by a series of satellites, separated by 1/a in qx, each associated with a CTR (Fig. 1) . The intensity distributions along the CTRs need not be similar and depend on the harmonic components of the strain field in the crystal. To explain this, we write, for the dielectric susceptibility of a distorted crystal,
where ~n is the hth Fourier component of the susceptibility of the perfect crystal and u(r) is the lattice displacement at position r. In the case of two-dimensional distortions, u(r) can be written as u(x, z). If u(x, z) is periodic in x, we can expand x~is(x, z) in a Fourier series:
zdis(x, Z) = ~ Z~,(Z) exp (2rrinx/a).
(2) n It is enough to determine the Fourier coefficients X~,(z)
-disl x for the determination of Xn t , z) and from there of the function 2rchu(r) = 2rchu(x, z) in (1). It is important to note here that the nth Fourier coefficient in (2) corresponds to the satellite reflection of order n and that the intensity distribution along the nth CTR, H,(qz), provides information on X~,(z) through the solution of the phase problem. A triple-crystal diffractometer can measure this intensity distribution by making transverse scans, where the sample crystal is rotated for fixed analyzer angles. The theory of Petrashen & Chukhovskii (1989) solves a one-dimensional inverse problem to obtain phase information on the Bragg reflected wave from its squared amplitude. The problem can have 2 u solutions. In a discrete representation of kinematical X-ray diffraction, N is the number of resolved sublayers in the structure being analyzed. If we determine, for instance, the lattice distortion in a 3 ~tm-thick surface layer at a 0.05 ~tm resolution, N = 60. If the crystal is so weakly distorted that displacement at any point is less than one half the interplanar spacing, d/2, we only need consider the solution of so-called minimum phase, which is the unique solution of the problem in this case (Petrashen & Chukhovskii, 1989) . If the lattice displacement in the layer considered exceeds M x d/2, the minimumphase solution is subject to phase shifts at M distinct q's, which can be determined using diffractometry data obtained for the same Bragg reflection but with a different X-ray wavelength (Petrashen & Chukhovskii, 1989) . Nevertheless, for a crystal with Ad/d < 10 -4 at all points, we can determine a small number of probable solutions from a single set of rockingcurve data . In an application of the Petrashen-Chukhovskii theory to a two-dimensional distortion, we need to determine the phases of the satellite reflections relative to the fundamental. A description of this procedure is outside the scope of this paper and readers are encouraged to refer to Aristov, Goureev, Nikulin & Snigirev (1991) and . We would simply state here that higher harmonics are usually not subject to phase shifts and that the number of probable solutions is not great. We are often left with one or two very similar solutions. Of the possible multisolutions, we choose physically reasonable ones. A practical procedure is outlined in a later section of this paper.
The above discussion applies in the geometry where the Bragg planes are parallel to the surface, as in the present study. The description needs to be slightly modified for inclined Bragg planes.
Experimental
Dislocation-free (111) silicon wafers with a standard surface finish were oxidized at 1173 K to form a 0.5 gm-thick surface oxide layer. An optical lithography technique and chemical etching in a hydrofluoric acid (HF) solution tailored the oxide layer into a one-dimensional strip pattern with a strip width of 2.0 gm and a repeat period of 5.83 gm. One of the oxide-covered wafers was exposed to a beam of 300 keV B + ions to give 5 x 1015 B + cm-2 implanted in the crystal. The ions impinged on the wafer parallel to the surface normal. X-ray rocking-curve data were collected on a vertical-axis triple-crystal diffractometer at beam line BL-14B of the Photon Factory, a synchrotron-radiation facility at KEK in Tsukuba, Japan. A symmetric Si(111) reflection was used in both the monochromator and analyzer crystals, arranged in a nondispersive position with respect to the sample (111) planes in the Bragg-case geometry. The slightly detuned double-silicon monochromator extracted X-rays of wavelength 1.38 A from the source spectrum of the 5 T superconducting vertical wiggler installed in the 2.5 GeV storage ring. The sample crystal was set in an azimuthal position such that the oxide strips were perpendicular to the plane of diffraction. A slit placed upstream of the sample limited the X-ray beam to a 1 (horizontal) x 2 (vertical) mm area. A positron current of 280-350 mA was stored in the light source at the time of the experiment. Our intensity measurement covered a dynamic range of eight decades, using variable numbers of aluminium attenuator foils in order to keep the measured X-ray photon flux within the linear range of the NaI detector. Rocking curves were measured by rotating the sample (i.e. varying 0) for fixed analyzer angles (i.e. 20 fixed) at the Bragg and off-Bragg positions. This operational mode of the triple-crystal diffractometer enabled exploration of reciprocal space in transverse scans, which cut through the set of CTRs at various positions normal to the rods (Fig. 1 ). The range of individual scans was -500 < A 0 < 500 grad,
where
with A(20)= 20--20B being the offset angle in the analyzer. 0n is the Bragg angle for the 111 reflection. The scans covered the satellites with n < 9 from our samples. Rocking curves were recorded for 121 distinct analyzer angles at equal separations of 23.6 ~trad [=6 (20) ] and centered at 20 = 20B. The maximum deviations, A(20)max, of the analyzer angle from 20n were + 1413.2 grad, which corresponded to _+47 times the full width at half-maximum of the Darwin curve for a perfect bulk silicon crystal. The deviations are equivalent to _+2.0 × 10-3h, where h is the modulus of the [111] reciprocal-lattice vector. We thus surveyed a small region near the Bragg reflection over oblique grids in reciprocal space. These values were chosen to determine the strain field up to a 3.0gm depth (z = Zmax) below the sample surface (z = 0) with resolution Az = 0.05 gm (Aristov, Goureev, Nikulin, Petrashen & Snigirev, 1992) :
where 2 is the X-ray wavelength. The extinction distance at the exact Bragg position, defined by )~ sin OB/2n[Zn,[, is 0.75 ~tm in our samples under the chosen experimental conditions. This shows that the forward-scattered (Bragg-reflected) X-ray intensity reaches the first Pendell6sung minimum (maximum) at. depth 0.75 gm. X-ray diffraction from a surface layer with a thickness less than a few micrometers can thus be approximately described by the kinematical theory. The obtained intensity data Ih [AO, A(20) ] were arranged to show in Fig. 3 the truncation-rod profiles, I~(q~), for the fundamental (n = 0) and satellite (n = -1 .... ,-7) reflections. With increasing n, the central peak in Fig. 3 splits into two peaks and the submaxima become more prominent with increasing separation between them. This illustrates harmonic behavior of the specific strain field present in this sample. peak at about half the depth but we do not see this peak in Fig. 4(a) . Finally, the low truncated peaks at depth 0.35 l, tm are due to the B + ions that lost some part of their energy in the 0.5 lam-thick oxide layer leading to a reduction of penetration power into the silicon. The observed peak, width, which is much larger than that of the peaks at depth 1.05 l, tm, would indicate the wider range of the energy loss of B + ions through the amorphous oxide film in this case.
Results and discussion
To isolate the lattice distortions owing to the surface oxide pattern, we have collected rocking-curve data from an oxidized, but not ion-implanted, crystal. Fig. 4(b) shows the Ad/d profile for this sample, where the oxide edges produce more pronounced deformations than in Fig. 4(a) . It is noted that Ad/d peaks at ,-,0.2 l,tm below the surface and becomes less than 1.5 x 10 -5 at a depth of 1.8 lam. The latter observation is consistent with the prediction of elasticity theory that strain fields created by the many parallel closely spaced oxide edges destructively interfere to die out at ,-~ 3 l, tm depth. Note also the large negative areas present under the oxide strips. An average distortion, calculated by summing all the Ad/d values in the analyzed area and dividing the sum by the pixel number, 3540, is -9.74 x 10 -6. The finite average Ad/d value observed would indicate a strain field extending beyond the limit of our measurement (Zma x = 3 ~tm). In this connection, it is of interest to see in Fig. 4(a) that the crystal is nearly strain-free behind the peaks at the 1.05 lam depth in the ionimplanted sample. The heavily damaged layer appears to absorb the stress caused by the surface oxide and prohibit its propagation into a deeper layer. The damaged layer may have higher elastic compliances than perfect silicon crystal (Creagh, 1993) . The average Ad/d value of 2.76 x 10 -5 in Fig. 4(a) shows a net expansion of the normal lattice spacing owing to the implanted ions.
We treated the sample referred to in Fig. 4(a) in an HF solution to remove the SiO2 overlayer. Fig. 4(c) shows a two-dimensional plot of the (Ad/d)'s calculated from the X-ray data collected from the HF-treated sample. Surprisingly deep negative peaks are observed at the oxide-strip positions on the surface, even though examination under an optical microscope showed no trace of residual films. These peaks might be accounted for by defects created by B + ions. A comparison of the maps in Figs. 4(a) and (c) reveals that displacements of surface atoms under the B + irradiation resulted in negative Ad/d values in both the mask and window regions. Also noted are the sharper profiles of the peaks at 0.35 lam depth in Fig. 4(c) .
Lattice distortions owing to implanted ions are localized in a thin layer at a well defined depth below the surface. The upper-and lower-layer crystals are much less affected. This leads to a 'bi-crystal structure' with a heavily distorted layer separating a thin surface layer from a bulk substrate. This picture applied to Figs. 4(a) and (c) shows 0.9 lam for the thickness of the upper crystal. In dynamical X-ray diffraction, rocking curves from crystals as thin as the extinction distance show oscillatory profiles with broadened central peaks (Hashizume, Nakayama, Matsushita & Kohra, 1970) . These features are observed in curves (a) and (c) in Fig. 5 , which plot 0 lh(q~) S from our ion-implanted samples. The angular separation of the adjacent oscillation peaks is 157.2 larad, which agrees with that calculated from 2/t cos 0B, where t is 0.9 lam. No oscillation is evident in curve (b) in Fig. 5 for the oxidized but not ion-implanted sample, where the distortion gradually decays from the surface into the crystal. It is of interest to note that these distortions produce oscillations in the I~,(qz ) curves associated with the n > 1 satellite reflections. A comparison with the dynamical reflectivity curve (d) in Fig. 5 calculated for a perfect bulk silicon crystal confirms the qz 2 decay on the tails of curves (a), (b) and (c) in Fig. 5 .
It is not easy to show how strongly the maps in Fig. 4 are affected by dynamical diffraction effects. A way to do this is to calculate X-ray rocking curves from the determined lattice distortions using the dynamical formulae and compare the results with the observations. If the calculated profiles are close to the observed ones, we could speak of weak dynamical effects because the distortions were determined using the theory based on the single-scattering approximation. The agreement would also provide a support to the determined distortion maps. In Fig. 6 , the solid curve is calculated with the use of the Takagi-Taupin formalism (Takagi, 1962 (Takagi, , 1969 Taupin, 1964) for the sample of Fig. 4(a) for analyzer position A(20)= 0, where the dynamical effects are expected to be most appreciable. The profile shows a global decay feature similar to that of the measured data. The theoretical profile shows greater amplitudes of the satellite oscillation but this is partly because of the angular divergence of 35 larad assumed for the incident X-rays; which is smaller than the actual resolution (43.9 larad). Also, possible misalignments in the diffractometer crystals could have smeared the experimental profile. The slightly discrepant satellite oscillation periods could be ascribed to the too coarse lateral mesh size (0.22 l.tm) used in the calculation to reproduce an accurate superstructure repeat period (5.83 pm). All in all, we have no strong evidence indicating appreciable dynamical effects in our data. The experimental conditions in the previous two-dimensional distortion study were consistent with a depth resolution of 0.04 l.tm for the fundamental and n = +1 satellite reflections, but only a 0.1 lam resolution for the n = +_2, +_3 and _+4 satellites . It is hard to estimate an overall effective resolution, but the reported map shows a depth resolution as good as 0.05 lam in a surface layer of 0.8 lam thickness. The small number of satellite reflections measured at the laboratory X-ray source, however, resulted in a considerably lower lateral resolution (2.5 l.tm) than in our maps. Aristov et al. (1992) mapped out a strain field in a 30 pm-thick layer of an oxide-covered silicon crystal. The map can only be correct in the near-surface region, as the current Petrashen-Chukhovskii theory is based on the kinematical diffraction theory, which can describe X-ray diffraction from a layer with a thickness of at most a few times the extinction distance.
As discussed in the earlier section, solving the phase problem in an ion-implanted crystal with a heavily distorted layer can produce multisolutions representing Bragg-reflected waves with phases shifted from that of the minimum-phase solution Rm(q) (Petrashen & Chukhovskii, 1989) . The phase shifts occur at the q values (q = qo) for which the diffraction intensity is locally minimal. These minima yield complex zeros in the mathematical treatment of the intensity data for the wave amplitude. The situation is complicated by a polynomial function used to fit the intensity data, which introduces additional zeros, where the phase shift should not occur. A practical procedure to handle the problem starts with R,,(q) . Curve (a) in Fig.  7 shows the (Ad/d)'s calculated from the Rm(q) for the fundamental reflection (n = 0) of the sample shown in Fig. 4(c) . The Rm(q) calculation used a sublayer division scheme with N= 60 and hence could introduce 60 zeros, some of which are physically meaningless. This curve, with no marked peak at any depth, apparently describes a wrong profile of mean strain field in the ion-implanted crystal. A trial solution was then produced by shifting the phase of the R,,(q) at a qo closest to the Bragg point (q0 -~ 0). Fig. 7 was calculated from this solution. This appears to be physically more reasonable but the peak location is too deep when compared with a Monte Carlo calculation of the penetration depth for channeled B + ions (Hobler, 1993) . Curve (c) in Fig.  7 was obtained from a second trial solution, which took account of two more zeros at qo's close to the Bragg point. This depicts a likely strain profile. The additional qo's were those that were common to a new solution calculated with N = 32. Clearly, the method requires prior knowledge of an approximate answer. Some a priori information is, however, available for almost every structure for which a solution is sought. It is worth noting that the spatial resolution achieved in the present study is higher than that in most X-ray-diffraction-topography experiments that image lattice distortions. The maps obtained, however, have very asymmetric resolutions in the two directions. The low lateral resolution arises from the limited number of superstructure reflections included in the reconstruction. As the Fourier technique is used, the lateral spatial frequency is limited at n/a, which amounts to 1.54 l.tm-1 in Fig. 4 . This is more than ten times lower than that attained in the depth direction. Also, any map synthesized from a small number of Fourier components is distorted by series truncation errors. An application of the maximumentropy method would provide a less distorted map with a significantly improved lateral resolution from the same data. An inverse transform using the maximum-entropy method does not assume null intensities for nonobserved higher-order reflections as in a Fourier transform. There is, accordingly, no reason for it to be limited to the same maximum spatial frequency as the Fourier transform (Carvalho & Hashizume, 1992) . It can provide 'super resolution' (Gull & Daniell, 1978) , thus reducing the resolution asymmetry in the current two-dimensional maps. A determination of distortions rapidly varying in the depth direction requires accurate intensity data, l°(qz), associated with the fundamental reflection (n = 0). This is because the n --0 reflection carries information on the strain component that does not depend on lateral position.
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Concluding remarks
Lattice distortions in surface layers of (111) silicon crystals have been mapped as a function of depth and lateral position with submicrometer resolutions from triple-crystal X-ray diffractometry data. Implanted monoenergetic B + ions are found to produce distortions in a very thin layer of silicon at a well defined depth below the surface. In the experimental conditions of the present study, the damaged layer is located 1.05 lam below the surface with a layer thickness of 0.15 ~tm. Evidence for an appreciable lateral diffusion of implanted ions was also obtained. A 0.5 ~tm-thick thermal-oxide strip was found to contract the vertical lattice spacing of silicon under the strip by a few parts in 104, while the strain field created by the parallel strip edges is extended beyond a 3.0 I~m depth. The present study maps the changes of interplanar spacing in the surface-normal direction. Diffractometry data collected using Bragg planes inclined to the surface would yield a Ad/d map in another direction. A triangulation of the two maps would permit determination of the strain component parallel to the surface in shallow surface layers.
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